The deep roots and wide branches of the K + -channel family are evident from genome surveys and laboratory experimentation. K + -channel genes are widespread and found in nearly all the free-living bacteria, archaea and eukarya. The conservation of basic structures and mechanisms such as the K + filter, the gate, and some of the gateÕs regulatory domains have allowed general insights on animal K + channels to be gained from crystal structures of prokaryotic channels. Since microbes are the great majority of lifeÕs diversity, it is not surprising that microbial genomes reveal structural motifs beyond those found in animals. There are open-reading frames that encode K + -channel subunits with unconventional filter sequences, or regulatory domains of different sizes and numbers not previously known. Parasitic or symbiotic bacteria tend not to have K + channels, while those showing lifestyle versatility often have more than one K + -channel gene. It is speculated that prokaryotic K + channels function to allow adaptation to environmental and metabolic changes, although the actual roles of these channels in prokaryotes are not yet known. Unlike enzymes in basic metabolism, K + channel, though evolved early, appear to play more diverse roles than revealed by animal research. Finding and sorting out these roles will be the goal and challenge of the near future.
Introduction
Ion channels were first studied and are best known in connection to the nervous system, especially in the generation and propagation of action potentials. However, they are now known to also underlie secretion, endocytosis, muscle contraction, synaptic transmission, ciliary control, fertilization, etc. As reviewed below, ion channels are now found in Bacteria, Archaea, as well as Eukarya, indicating deep evolutionary roots. For historical and technical reasons, ion channels are understudied outside the animal kingdom, especially in prokaryotes. Unexpectedly, recent events have brought microbial ion channels into the limelight, because crystal structures of microbial channels at atomic resolutions have yielded unprecedented knowledge on how this class of channel protein works. Hence, the 2003 Nobel Prize in Chemistry was awarded for the structural and mechanistic studies of a bacterial K + channel [1, 2] . Nonetheless, the schism between neuro-and microbiology remains wide. Neurobiologists see microbial channels as ''models'' to those in the brain while microbiologists do not understand the full breath of ion-channel structure and function. Lamentations of this state of affair aside [3] , there is a need to communicate between these fields. This review is written for microbiologists and will cover relevant electrophysiological, protein chemical, crystallographic, genetic, and genomic literature. Length and depth considerations limit this review to only one important class of ion channels, the K + channels of prokaryotes.
Long before any molecular identity of ion channels was known, there had been extensive studies of their activities in eukaryotic cells. Because these activities are usually registered electrically, such terms as ''conductance'', ''rectification'' etc. will be used when necessary. Brief explanations will be provided but for more detailed information on ion channel structures and functions please consult additional sources, e.g. Hille [4] . Readers are also referred to the literature on other types of ion channels in prokaryotes [5] : Na + channels [6, 7] , ClC chloride channels [8, 9] , and mechanosensitive channels [10] [11] [12] [13] .
K
+ and the electrochemical gradient K + is the most abundant ion in cytoplasm. Escherichia coli, for example, has an internal K + concentration of $200 mM, while the standard rich Luria-Bertani medium (LB) contains only $7 mM K + (from the yeast extract added [14] ). This very high internal K + concentration is retained even when bacteria are deprived of the ion, i.e. when they are forced to grow in minimal media of submicromolar K + [15] . The enzymatic and metabolic processes of the cell are generally well adapted to having this high internal concentration. Unlike most other cations, hundreds of millimolar internal K + does not significantly interfere with the structures and reactions of macromolecules such as DNAs, RNAs, and proteins in aqueous solutions. The consequence of this abundance of K + and its counter ions (glutamate, organic phosphates, etc.) is that it serves as one of the major osmolytes within the cell. These along with neutral molecules like glycine betaine draw water across the lipid bilayer into the cytoplasm to sustain a turgor and this turgor is needed to disrupt existing structures so that new material can be added during growth [16] . Because of this critical role, it stands to reason that feedback mechanisms have evolved to regulate the internal concentration of K + according to the external total osmolarity [17] . The K + content in E. coli rises linearly from some 200 to 1000 mM as external osmolarity rises from 100 to 1200 mOsm [18] .
The membrane lipid bilayer sustains the different concentrations of K + , [K + ], as well as an electric potential difference between the interior and the outside. The electrochemical gradient of K + across the membrane, expressed as energy, is
where DW is the membrane potential (i.e. the electric potential of the cytoplasm with respect to the outside, ground). F is FaradayÕs constant, R is the gas constant and T is temperature in degrees Kelvin. Expressed as a driving voltage (in millivolts, mV), then
As described above, [K + ] in is usually larger than [K + ] out , but most cytoplasms are electrically negative (with rare exceptions, below). For example, the membrane potential of aerobically growing E. coli was estimated to be between À94 and À157 mV when the external pH raised from pH 6.25 to 8.25 [19, 20] . Thus the electric component of the driving force, DW, tends to draw K + into the cell, while the concentration component, 58 log[K + ] in / [K + ] out , tends to drive it out. K + can therefore be driven passively inward or outward depending on the relative levels of these two components of the motive force. This is different from the electromotive force for H + , the proton motive force (Dp, Dp = DW + 58DpH), where both of its two components, DW and DpH (pH out À pH in ), tend to drive H + inward (pH out is usually smaller than pH in ) [19] .
Ion movements across cell membrane
Steady-state gradients of ions, organic or inorganic, can be maintained because hydrocarbons within a lipid bilayer makes the membrane significantly impermeable to ions. Unless neutralized by counter ions (e.g., NH 4 acetate), ions traverse membrane through the lumen or pore of various membrane proteins. There are three categories of transport proteins that handle ion traffic. Those familiar to microbiologists are the ion pumps and exchangers. These proteins move ions against gradients at the expenditure of ATP (pumps) or other ion gradients (exchangers, including symporters and antiporters) such as the proton motive force. For example, E. coli has three K + -uptake systems, Trk, Kdp and Kup [17] . The main uptake is by the Trk (transport of K + ) system, a constitutive, low-affinity high-rate system energized by the proton motive force and ATP. The second important K + -uptake system is Kdp, (K + -dependent growth), a high-affinity low-rate, inducible P-type ATPase pump. The transmembrane subunits of Trk (TrkH/G) and Kdp (KdpA) are members of proposed superfamily of K + transporters that include homologues in other prokaryotes (KtrB, formerly NtpJ), fungi (TRK1, TRK2) and plants (HKT1) [21, 22] . These transporters appear to contain covalently linked TM-P-TM motifs (TM, transmembrane helix; P, segment for ion selectivity) proposed to have originally evolved from a KcsA-like K + channel by gene duplication [23] [24] [25] . This paper does not examine the relationship between the transporter and K + channel motif (discussed below) since several distinctive sequence differences prevent significant high scoring matches in BLAST searches. The third system Kup is apparently an alternative to TrkH when cells are growing at low pH [26] . There is also a various efflux mechanism including KefB and KefC which appear to be more similar to Na + /H + and K + / H + antiporters than to K + channels (see the Conserved Domain Database, NCBI). These K + uptake and efflux systems are not to be confused with the topic of this review, the K + channels, which are members of the third category of conduits.
Ion channels are distinguished from the previous two classes of transporters because a channel provides for a completely ''open pore'' through which the ions can diffuse. To form the conduit, these proteins must enclose a hydrophilic pathway to allow the passage of the solutes (e.g. ions). Unlike the b-barrels that form the porins in the outer membranes of gram-negative bacteria, ionchannel subunits in the plasma membrane are comprised of a helices (Fig. 1 ). These pores are often formed when helices from separate identical or similar subunits, come together to surround the pathway. In addition to K + channels, two well-known examples of multi-subunit channels are the bacterial mechanosensitive channel of large conductance (MscL) which is a homopentamer [11] and the mechanosensitive channel of smaller conductance (MscS), a homoheptamer [13] . The pore conformation allows these proteins to function in a way that is entirely different from those of pumps or exchangers. When a channel opens, at zero membrane potential, ions fall passively down the preexisting concentration gradients and dissipate the ion gradient. However, as pointed out above, in live cells, the membrane potential and concentration gradient constitute the driving force, Dl K+ , and can have opposite effects on the direction of K + flow. Thus, whether K + flows inward or outward through K + channels will depend on the balance of these two components. The familiar influx of H + passively down its electrochemical gradient into the cell is well known to drive myriad important processes such as ATP synthesis, flagella rotation, as well as the sym-or antiporting of various materials across the membrane of prokaryotes. However, the function(s) of the passive fluxes of ions through channels in the prokaryotes are not well understood. In animals, the influx of Ca 2+ through Ca 2+ channels raises the local cytoplasmic Ca 2+ concentration to micromolar levels thereby regulating actin-myosin and dynein-tubulin motility, among many other activities. Most K + channels in animals either maintain the resting membrane potential or rapidly reestablish the potential to the resting level after depolarization. Other animal K + channels alter the resting membrane potential upon different stimuli. K + channels are usually not for bulk K + uptake in animals, although there is evidence for such a function in plants [27, 28] . In theory, monotypic ion fluxes through ion channels are far more effective in affecting the membrane potential than the bulk concentration of that ion. For example, moving K + out of a hypothetical microbe, with 2 lm in length and 0.75 lm in diameter, to polarize it by 100 mV will only reduce its internal concentration by mere 66 lM (only $3 · 10 4 ions).
The general features of K + channels
4.1. The basic structure and activity K + channels are tetramers, made up of predominantly identical subunits, although heterotetramers of similar inter-or intra-molecular subunits are found in animals. In the animal channel literature, this tetramer is also called the a subunit, or the pore-forming subunit of the channel, to distinguish it from other associated auxiliary subunits (b, c, etc.) that serve to deploy or to regulate the main a subunit. A b subunit of a class of animal K + channels is akin to oxidoreductase [29] and its homologues can also be found in the genomes of prokaryotes.
The core of a K + -channel a subunit consists of two transmembrane a helices, traditionally referred to as TM1 and TM2, flanking a short pore helix and the K + -filter sequence (TM, helical transmembrane segment). The simplest TM1-P-TM2 subunit (P, ''pore'' helix and filter loop) comprises only 94 amino-acid residues encoded by a virus (PBCV-1) found in a green alga (Chlorella) that inhabits a paramecium (Paramecium bursaria) [30] . This TM1-P-TM2 structure (2TM) with no additional peptide domains appears to be the minimum needed for permeation, filtration and gating. The crystal structures of the Streptomyces lividans K + channel, KcsA, show that the carboxy (C)-terminal ends of the four TM2s converge towards the cytoplasm and occlude the ion pathway [1, 2] . This convergence is also referred to as the ''gate'' [31] , which is closed in this crystal structure (Fig. 1) . The TM1-P-TM2 core structure also exists in a class of K + channels called inward rectifiers (Kir) found in both pro-and eukaryotes. Kir channels have a similar architecture as KcsA though with slightly different helical orientation and packing [32] .
Although not yet seen in microbial eu-or prokaryotic genomes, a type of subunits with TM1-P1-TM2-TM3-P2-TM4, forming the so-called two-pore-domain K + channels, are found in animals. Such subunits covalently link two different TM1-P-TM2 core structures, presumably forming dimeric channels. It seems likely that they arose from gene duplications to enforce an (a-a 0 ) 2 type ''heterotetramer''. Another common structural motif of K + -channel a subunits is an S1-S2-S3-S4-S5-P-S6 (S, helical transmembrane segment) arrangement (6TM). This is often called the ''Shaker'' motif, named after the Drosophila mutation, the corresponding gene of which was the first K + -channel gene cloned [33, 34] . In this motif, the S5-P-S6 retains the characteristics seen in TM1-P-TM2 core of the 2TM channels described above. The S1-S2-S3-S4 helices function to regulate this core as described in Section 6.2. Several additional structural forms occur rarely and have been discovered in Fig. 1 . The crystal structure of KcsA K + channel of St. lividans. Stereoview of the channel from the membrane. The KcsA K + channel comprises four identical subunits, which come together radially to form the hydrophilic pore. Each subunit contains a pore loop flanked by two transmembrane helices, the outer (TM1) and inner (TM2) helices. The four C-termini converge at the bottom of the pore and form the channel gate. The four short P helices and the TXGYGD loops form the inverted teepee housing the K + -selective filter within. From Doyle et al. [1] . studies on unicellular eukaryotes such as ciliates and fungi. For example, fungi have K + channels of an 8TM motif (S1-S2-S3-S4-S5-P1-S6-S7-P2-S8) [35, 36] and Paramecium has K + channels of a 12TM (S1-S2-S3-S4-S5-P1-S6-S7-S8-S9-S10-S11-P2-S12) (Haynes, Saimi, and Kung, unpublished results) motif not previously encountered.
As a direct consequence of being an ''open pore'' the activity K + channels are measured directly. Instead of tracing the flux of ions with isotopes a channel will pass a species of ions at a rate that can be described in terms of the channelÕs conductance (G), defined as the amount of current per unit driving voltage
where the conductance is in the unit of Siemens (S), the inverse of Ohm, the unit of resistance (R) and measured by changes in current (I) and voltage (V). Techniques such as the patch clamp and the planar lipid bilayers are available, with which the conduction through individual channel proteins can be measured. The conductance of each channel is referred to as its unitary conductance (g) and usually ranges from 1 to 100 pS (10 À12 S). Generally, the current through a channel will shift from zero (closed) to the open level set by its conductance and the applied voltage in an all-or-none manner as the channel protein migrates between its closed and open conformation (see Section 4.3). The transition rates between the open and closed states are also molecular properties of the channel protein. Because the behavior of individual molecules is registered, a rare opportunity in biology, the observation is made in a microscopic world where the behavior of the unit particles is described statistically and stochastically. Outside of these situations where one contrives to study small membrane patches or rare reconstitution events, electrodes can be inserted into living cells to measure the ensemble activity of the total sum of thousands of ion channels, often of different types. In this configuration, the activities are observed in the macroscopic world, the world of smooth curves, familiar to most students of biology and biochemistry.
The K + filter
The term ''channel'' as previously mentioned refers to pathways that allow unobstructed passive flows of solutes. Channels are similar to enzymes in that there are ''sites'' that preferentially interact with specific molecules or ions. In many cases, the opened gate acts as the filter so that solutes of certain size and shape are allowed through. The acetylcholine receptor/channel in animals and the MscL and MscS of prokaryotes are channels of this type. K + channels, in general, have a separate filter structure apart from the gate itself. This was anticipated by theoretical considerations [37] , and verified at atomic dimensions by the crystal structure of KcsA K + channel [1] . The mystery of K + -channel filtration was that it is both highly efficient and discriminatory at the same time. This appeared to violate the energetic principles of ion binding. In contrast to enzymes with turnover rates of some 10 3 substrates per second, many types of channels can turn over greater than 10 7 ions per second, yet at the same time, maintain high selectivity. A K + channel can have a permeability ratio of 300 to 1 in favor of K + over the smaller Na + . The crystal structure of KcsA has neatly explained away this mystery (Fig. 1) . (The form of this filter is not universal for ion channels. The crystal structure of a ClC Cl À channel from E. coli is constructed in a way that is entirely different from a K + channel [9] , though this prokaryotic ClC may not be of a classic channel type [38] .)
We learn from KcsA that each K + channel is made by helices coming together from four separate subunits to enclose an aqueous pathway at the center. It narrows from the outside mouth into a selective filter of 2.0 Å diameter near the periplasmic surface [1, 2] . The filter is lined by horizontally distributed squares of carbonyl oxygens of the canonical amino-acid sequence TXGYGD from each of the four subunits. Pairs of these quartets of partially negative oxygens surround the K + ion much like the eight water oxygens surround it in aqueous solution. The hydration shells of ions need to be removed so that the ions can be discriminated. Removal of hydration shells entails a very large energetic cost. Since the K + filter is structured to precisely mimic the hydration sphere of a K + ion, there is little cost for a K + ion to enter or exit the filter but a substantial cost for cations of different diameter such as Na + or Ca 2+ . Thus, the structure neatly explains the channelÕs high K + selectivity and near-diffusion rate of throughput. In the 3-D structure, the central filter is cradled by the four pore helices in the form of an inverted teepee. Beneath the teepee is a water-filled cavity, which is sealed off at the bottom near the cytoplasmic side by the convergence of the four TM2s when the channel closes. The TM2s therefore form the gate [31] .
The gate and gating
Because the flow of ions through an open channel is energetically wasteful, the channel gate is usually closed. Thus, the subunit tetramer must exist in at least two stable conformations: closed and open (although in reality, biophysical analysis invariably reveals multiple closed and open states or substates). In both non-specific MscL and K + -specific KcsA, the conformational changes of the subunits during the channel opening expose a pathway similar to the opening of an iris in a camera. In terms of information, the result is an ''on'' or ''off'' signal. The currently popular term ''signal transduction'' derives from ''transduction'', which means to convert one form of energy to another in its original sense in physics. Ion channels are considered ''transducers'' in the sense that they convert the energy of ligand binding, voltage change, or mechanical work into the opening of ion channels thereby transducing the external chemical, electric, or mechanical signal into electric or ionic signals in the cytoplasm. These physically different parameters that open the gates of channels are often referred to as the ''gating principles'' or the ''stimuli''. Specific details of the gating mechanisms will be discussed in greater detail within each section comparing prokaryotic motifs or domains to those known to affect gating in similar eukaryotic channels (Sections 6.2-6.5).
In general, most proteins feel electric fields by way of the charged amino-acid residues. Voltage-gated channels often have distinct patterns of charged residues particularly sensitive to changes in membrane potential. This movement leads to a change in conformation, which tends to open the channel. The mechanism of ligand gating is much like the activation of an enzyme, i.e. binding of a ligand by a ligand-binding domain induces a change from a closed (inactive) conformation to an open (active) conformation. Ion channels in animals can be opened by a diverse array of ligands either externally (glutamate, acetylcholine, H + , etc.) or internally (ATP, cyclic nucleotides, Ca 2+ , etc.). Finally, stretch forces can be transmitted to embedded channels through the lipid bilayer to open them. This type of gating mechanism is seen in both bacterial channels, like MscL and MscS, and some animal channels [39, 40] .
In the physiological literature, in association with the gating, one often describes the rise of the electric current through channels upon a proper stimulus (gating principle) over time as an ''activation'' of the channels. The term ''activation'' remains in use today to indicate the increase in channel opening probability and not the continuous opening of the channel. For many channels, the current subsides after the initial activation, even though the stimulus is sustained. This process is referred to as ''inactivation''. This is not to be confused with ''deactivation'', the process of current shut off after removal of the stimulus. Many different additional molecular mechanisms have been determined behind various activations, inactivations and deactivations (see [4] ).
K + channels in prokaryotes
In the realm of prokaryotic K + channels, Milkman [41] extended the sequencing of the trp operon in E. coli, and encountered an open reading frame (kch) that is conceptually translated into a protein with the canonical K + -filter sequence similar to Shaker-like K + channels of eukaryotes. Although the patch clamp has been successfully applied on the native membrane of E. coli [42] , no K + -specific electric conductance has been recorded to date, not even from kch mutants that likely have higher channel activities [14] . The breakthrough in the crystallography of ion channels using a prokaryotic protein by the MacKinnon laboratory has attracted an intense interest in prokaryote channels [1] . The prokaryotic K + channels that are fully or partially crystallized and/ or examined for their activities are listed in Table 1 . The electric activities of prokaryotic K + channels have been successfully recorded in six cases when the channel proteins are expressed heterologously in E. coli, yeast, Xenopus oocyte, cultured mammalian cells, or reconsti- tuted into artificial lipid membranes (Table 1) . However, prokaryotic K + -channel activities in their native membranes have never been reported to date. Thus surveying K + channels of prokaryotes using electrodes does not appear to be practical.
A survey of the genome sequence information currently being released provides information on the prevalence and variation among prokaryotic K + -channel genes. To identify the prokaryotic K + -channel genes in the genomes, we used the BLASTP and TBLASTN programs of the NCBI website (http://www.ncbi.nlm. nih.gov/sutils/genom_table.cgi) to blast the 270 prokaryotic genomes, including 203 completed and 67 whole-genome-shotgun finished sequences as of December 2004. (We examined only finished genome sequences to state more definitively than the homologues are present or absent). First, the K + -filter sequence of Kch (TIT-TVGYGDITP) was used as the initial query. The topology of similar sequences containing either GYG or GFG were examined using Kyte-Doolittle hydropathy analysis to determine whether the K + -filter sequence is located as expected towards the C-terminus of a short hydrophobic patch (the pore-helix) sandwiched between two longer hydrophobic sequences (TM-P-TM). The majority of the similar sequences fell into three groups: those that have only the two required TMs flanking the pore, called 2TM, and those having four or occasionally two additional TMs immediately in front of the core, called 6TM or 4TM, respectively (Fig. 2) . The conceptually translated products of open-reading frames that met these criteria were considered K + -channel homologues.
Among these K + -channel homologues, some comprise only the TM region, and some also contain extended tails, beyond the TM region, either at the N-(amino-), C-, or both termini. The 2TM homologues without terminal extensions, including KcsA, are sorted into the ''K + -channel core'' type ( Fig. 2) . Most of the 6TM homologues without extended termini have recognizable evenly spaced arginine (R), lysine (K) or histidine (H) residues at their S4, indicating a voltagesensing property (see Section 6.2). To determine the voltage-sensing feature, we aligned these sequences with ClustalX program [43] , and arbitrarily sorted the channels that carry two or more R, K or H residues at S4 into the ''voltage-gated'' type and the rests were placed in the category 6TM ''core only'' (Fig. 2) . All of the 4TM homologues were found to have no terminal extensions (Fig. 2) . (Allowing sequencing mistakes, close examination of nucleotide sequences did not yield any additional TM segments.) This type of channel appears to be unique to prokaryotic cells since there are currently no known eukaryotic counterparts. Note that the K + -channel genes we identified here are based on the criterion that they contain the K + -channel core (TM-P-TM) motif, and the K + signature sequence. It has been proposed that the core motif or the different components (e.g. sensor or gate) of a K + channelÕs a subunit could come from two separate peptides (in an operon) and still makes a function channel [44] .
To sort the K + channels with terminal extensions, we blasted the database again with the previously studied K + -channel sequences in Table 1 , and grouped them based on their homology to known channels. There are homologues of the eukaryotic ''inward rectifier'', ''glutamate receptor'', and ''cyclic nucleotide-gated'' channels. A large number of 2TM or 6TM K + -channel homologues carry a domain call KTN or RCK (see Section 6.3), including Kch and MthK, and are sorted into ''RCK/KTN domain'' category ( Fig. 2) . A few 2TM channels carry extended tail(s) that are not homologous to any known domain, and are sorted into ''Unknown domain'' (Fig. 2) . Interestingly, during the blasts using these full-length K + -channel sequences as queries, we retrieved several channels that were not present when only the K + -filter sequence was used as the query. These new channels have the similar topology or carry the same domain as those above, but their K + -filter sequence are altered. Whether these channels still filter K + remains to be tested (see Section 6.1). The distribution of the various types of K + channels among the 270 prokaryotic genomes is summarized in Table 2 . An extensive table is provided in supplementary data (Appendix A). Note that, these 270 sequenced genomes were not sequenced because they represent prokaryotic populations or their diversity. Most genomes of bacteria and archaea were sequenced, some repeatedly so, because of medical or military interests, e.g. Haemophilus influenzae, Streptococcus pyogenes and Bacillus anthracis. Others were sequenced because they are laboratory model organisms or because they are of special ecological or evolutionary interests, e.g. E. coli and Thermotoga maritima. Though not completely representative, these 270 genomes do cover the major prokaryotic phyla of both the Archaea and Bacteria Kingdoms. Also note, while there is no clear consensus on microbial classification, our discussion here follows the NCBI Taxonomy (http:// www.ncbi.nlm.nih.gov/Taxonomy/) [45] . Proteobacteria  118  19  7  -31  2  41  5  15  9  1  Spirochaetes  6 The two major phyla of Archaea, Crenarchaeota and Euryarchaeota, contain members that carry K + -channel genes. For example, Aeropyrum pernix, a hyperthermophilic aerobic crenarchaeon, has a voltage-gated K + channel (KvAP) that opens upon membrane depolarization [46] (also see Section 6.2). Methanocaldococcus jannaschii, a hyperthermophilic anaerobic euryarchaeon, apparently makes use of a voltage-gated and two (2TM)-KTN K + channels. Bacteria encompass the vast majority of the known microbes and can be sorted phylogenetically into at least 14 different phyla. Almost all major groupings include members that have K + -channel genes in their genomes. Proteobacteria, the major phylum of gram-negative rods and cocci, branches into five classes, alpha through gamma based on 16S rRNA sequences. Each class includes species that have K + -channel genes in their genomes, e.g. Magnetospirillum magnetotacticum (a), Burkholderia cepacia (b), Desulfovibrio vulgaris (d), Helicobacter pylori (e), and E. coli (c). The majority of gram-positive bacteria belong to the phyla Actinobacteria and Firmicutes that includes the high GC and low GC species, respectively, that have K + -channel genes, e.g. Streptomyces coelicolor, B. anthracis. The oxygenic photosynthetic bacteria of phylum Cyanobacteria are all free living. Each of the over 10 species of cyanobacteria whose genomes have been completely sequenced contains at least one K + -channel gene. Some have multiple such genes, e.g. Crocosphaera watsonii (six), Anabaena variabilis (four), Trichodesmium erythraeum (four). Bacterial phyla with fewer examined members include the Bacteroidetes (e.g. Bacteroides fragilis), the obligately parasitic Chlamydiae (e.g. Chlamydophila pneumoniae), the green sulfur Chlorobi (e.g. Chlorobium tepidum), the green nonsulfur Chloroflexi (e.g. Chloroflexus aurantiacus), the DeinococcusThermus group (e.g. Deinococcus radiodurans), the Fusobacteria (e.g. Fusobacterium nucleatum), the stalked Planctomycetes (e.g. Rhodopirellula baltica), the tightly coiled Spirochetes (e.g. Tre. denticola) and the hyperthermophilic Aquificae and Thermotogae (e.g. Aquifex aeolicus, T. maritima). In the genomes of the examples given for these phyla each also contains one or more K + -channel genes except Chlamydiae and Fusobacteria (Table 2) .
Since K + -channel genes are found in all major taxa in Bacteria and Archaea of the current sample of 270 genomes, the parsimonious hypothesis seems to be that K + channel appeared very early before microbial divergence. Potassium channels could have emerged some 3 billion years ago before Bacteria and Archaea diverged. This notion is bolstered further by the fact that the extant bacteria considered to have branched off early from the root of the tree of life contain K + -channel genes. Aquifex is considered to be among the most deeply branching bacterial genus on the basis of 16S-rRNA comparison. Two K + -channel genes can be found in the A. aeolicus genome [47] . T. maritima is also considered a deeply branching species that evolves slowly [48] . It has one variant K + -channel gene (see Section 6.1). These are hyperthermophiles that grow optimally at 80-90°C some without oxygen. These are conditions similar to what is thought to be those in which life first appeared. Most studied archaea are extremophiles that grow optimally in low pH, reducing environments, high temperatures and have K + -channel genes. In addition to the widespread existence of these channel genes, several comparative alignments of similar types of K + channels indicate a predominance of a vertical inheritance of these genes. While the current literature indicates significant lateral transfer is widespread among prokaryotes [49] [50] [51] [52] [53] , the sequences of the various types of K + channels seem to consistently cluster with respect to the class of prokaryotes. Preliminary alignments, available in supplementary data (Appendix A), indicate that generally the amino acid sequences are more similar within the various classes of bacteria than between them. There is also consistent clustering among alignments made with the ''core'' region (TM-P-TM), the ligand binding domains or both together. The difficulty in providing definitive alignments is that the distances between the sequences among the various classes are very large, the taxonomic grouping of bacteria is not consistent with respect to the distance between sequences, and the evolution of transmembrane domains, particularly their addition, is not very well understood.
Structures of prokaryotic K
+ channels and their eukaryotic counterparts 6.1. The K + filter and its variations
As expected of the precise arrangement of atoms in the K + filter, the canonical filter sequence, TXGYGD, exhibits little variations among K + channels previously analyzed. Among animal channels, although the tyrosine (Y) is sometimes replaced with a phenylalanine (F), this substitution is conservative since it preserves the group of aromatic side-chains that surrounds and supports the filter. We have randomly mutagenized each of the three residues in the GYG tripeptide of E. coliÕs Kch and looked for variants that still preserve the K + -specific channel function. Only GYG and GFG were found, indicating that other variations cannot support the filtration function of Kch channel [14] . This substitution also does not alter the function of S. lividans KscA [54] . Viewing evolution as NatureÕs vast experimentation, we are not surprised to find GFG in the K + -filter sequence in disparate bacterial species including Thermoplasma volcanium, Mycoplasma mobile, Magnetococcus sp. MC-1, St. coelicolor, to name a few. A negatively charged aspartate residue, (D), usually trails the GYG or GFG sequence forming the external exit of the filter. A common variation is a replacement of this aspartate with a glutamate (E). This is presumably also a conservative change since the negative charge is preserved. Among the prokaryotic K + channels, this Dto-E replacement is found almost exclusively in the (2TM)-KTN/RCK channels in many species of cyanobacteria, in some species of proteobacteria, and in a few species of other phyla. In a few cases, the D is replaced with a non-charged residue, including G, A, or S. I, T, N, and Q are also encountered at this position, but these replacements only happen together with other alterations in the GYG sequence (Table 3 ). Although we do not know the functional significance of these filter variations, the remaining parts of the sequence are similar in both putative transmembrane domains and regulatory domains indicating that these are channel genes.
As stated above, A. aeolicus and T. maritima are extremophilic bacteria considered to be in lineages branched off early and slowly evolving based on 16S-rRNA and other molecular analyses. While the two putative K + channels of A. aeolicus have relatively conserved GYGE and GYGD filter sequences, that of T. maritima has a striking GYSI sequence. Originally isolated from geothermally heated marine sediment, T. maritima grows optimally at 80°C. It has a 1.8 Mb genome, encoding some 1900 genes, about half of which are of unknown functions. It has one of the highest percentage (24%) of genes that are most similar to those of Archaea. Its mosaic genome indicates extensive lateral transfer of genetic material which is likely to have occurred early in the evolution of the two prokaryotic lineages [48] . Though it might have been a coincidence, we find the severe deviation of T. maritimaÕs K + filter is suggestive of an evolutionary relic. GYSI occupying the filter position is not found elsewhere in our survey of the 270 prokaryotic genomes and has not been reported among Eukarya. Our experimental results show that substitutions of GYS for the GYG in the Kch K + channel of E. coli destroys the K + filter [14] . Assuming it is functional, the GYSI filter is not likely an adaptation to high temperatures, since other known hyperthermophilic archaea or bacteria have conventional filters and the only other known similar variant (GYSD) is found in one of the five K + channels of Synechocystis sp. PCC6803, a fresh water cyanobacterium. Other deviant filter sequences we encountered include a GFQE in Desulfovibrio desulfuricans and a GFKE in Geobacter metallireducens (Both are underground bacteria associated with iron corrosion. They belong to the class deltaproteobacteria), a GYQE in Magnetococcus sp. MC-1 as well as those listed in Table 3 .
In parallel to the peculiar GYSI filter sequence of T. maritima is the filter sequences found in the channels of hyperthermophilic and acidophilic genus Sulfolobus [55, 56] . Both of these Crenarchaeota, Sulfolobus solfataricus and Sulfolobus tokodaii, encode a (2TM)-RCK type channel with a GLYS or GLYA sequence where one would expect to find the filter (Table 3) . These organisms are also considered to have branched off early near the origin of cellular life. Regardless of evolutionary origin, it would be of interest to express these putative K + -channel genes and directly measure the ion-permeability ratios to see whether and how Nature might have alternative designs from the one commonly deployed in most organisms. While such a discovery would be surprising, given the nearly universal filter motif, there are several eukaryotic examples within two-pore domain K + channels where substitutions of the aromatic residues still retains K + selectivity [57].
The voltage sensor S4
Fifty years ago, a major break through by Hodgkin and Huxley explained the action potential as a feedback between the membrane potential and the permeabilities of specific cations [58] . In todayÕs words, changes in voltage across the lipid bilayer can open a class of channels, through which the flow of specific ions (e.g. K + ) in turn changes the voltage. These types of channel proteins must have electric dipoles and be able to detect and respond to the electric field across them [59] . The first K + -channel gene cloned corresponds to the Drosophila mutant ''Shaker'' that lacks a depolarization-activated K + current resulting in a set of over-excitable behavioral phenotypes [33, 34] . The Shaker protein is a 6TM channel. Shaker can be heterologously expressed in frog oocytes conferring them a new channel current that are both K + specific and voltage sensitive. This finding made clear that Shaker gene product alone likely houses both the K + filter as well as the voltage sensor. The voltage sensor is a part of the channel bearing electric charges that can move when the voltage changes, leading the opening or closing of the channel. Indeed, before any channel protein structure was known, movement of ''gating charges'' had been determined to be separate and ahead of the ion fluxes once the channel is opened [59, 60] . The S4 of each Shaker subunit contains a series of five arginines and two lysines spaced regularly at every third residues, i.e. . . .RxxRxxRxxRxxKxxRxxKxx. . .. This motif of positive charges in S4 helices was then recognized in many voltage-activated channels that were subsequently cloned. A variety of experiments strongly suggest that it is indeed a major part of the voltage sensor. In the Shaker channel of the fly, mutation analyses showed that the four RÕs at the N-terminal end, but not the KÕs and R at the C-terminal end, are the important gating charges [61] .
As shown below, many prokaryotic genomes contain ORFs that translate into Shaker-like K + -channel subunits. Two Shaker-like prokaryotic K + channels have been successfully examined electrophysiologically: KvAP, the depolarization-activated K + -specific channel of Aeropyrum pernix, and MVP, the hyperpolarizationactivated K + channel of Me. jannaschii. Both organisms are hyperthermophilic archea. KvAP, produced from E. coli, has been purified and reassembled onto planar lipid bilayers and found to express as a K + -specific unitary conductance, 170 pS in magnitude [62] (Fig. 3A) . The activation of the macroscopic KvAP currents (Fig. 3B) , can be described with a Boltzmann distribution (Fig. 3C ) in which the transmembrane voltage partition the channels between their open and closed state, with À51 mV being the voltage at which half of the channels are opened. MVP, expressed and examined in the budding yeast Saccharomyces cerevisiae, is a 37 pS K + -specific channel that activates at voltage negative to À100 mV. The MVP gene complements the defects in K + -uptake mutants of yeast and E. coli, indicating that it is functionally expressed in both eu-and prokaryotes in vivo. Although the polarity, to which the MVP and its relatives respond, is opposite from that of most other voltage-gated channels, various experiments showed that the MVP protein, including its S4 helix, is not inserted backward. The current model is that the gate and/or its connection to S4 are arranged differently such that an inward movement of S4 opens MVP but closes KvAP and Shaker [63].
As described above, the S5 and S6 of Shaker-type channels are equivalent to the TM1 and TM2 of KcsA, being the helices that flank the short P helix and the TXGYGD filter sequence. The core structure of S5-P-S6 of the voltage-gated KvAP can be superimposed on the TM1-P-TM2 of KcsA [64] . In both cases, the inner helix (TM2 or S6) converges to form the gate. S5, however, is connected to the rest of the helices, S1-S4 in KvAP (Fig. 3D) . Shaker-type channel can then be viewed as having two parts: the S5-P-S6 core filter structure, surrounded by a loosely fitting voltage-regulatory domain composed of several transmembrane segments (S1 through S4; Fig. 3E ). That these are indeed two separate domains was shown in an experiment whereby a chimera was constructed of the S1-S4 regulator of Shaker covalently linked to the TM1-P-TM2 of KcsA, resulted in a surprisingly functional voltage-activated channel [65] . If the S1-S4 domain was tightly coupled to the S5-P-S6 core through many specific bonds into one unit, such an insect-bacterium chimeric molecules would not be expected to function.
The above findings are not without controversy. The structural constancy of the TM-P-TM core that houses the high throughput, K + filter is easily understood since the precise construction of the K + -specific filter imposes rigid structural constrains. The S1-S2-S3-S4 regulatory domain, however, is expected to make sizable conformational changes during gating that include moving the gating charges across the membraneÕs electric field. The flexible nature of this domain makes it difficult to determine the structure, resulting in the current heated debate. There are at least three major models at present. A popular model describes the S4 helix being completely surrounded by other helices, as if isolated in its own aqueous cannel -some called it a ''canaliculus'' -in which S4 can move perpendicular to the membrane in the electric field like a screw [66] [67] [68] . The movement of the four S4s in the channel tetramer is expected to drive the conformational changes to open or close the gate. A second model assumes a rotation of the S4 segment in an electric field. Based on fluorescence-resonance energy transfer experiments and proton-accessibility studies, it is thought that the S4 segment is placed at the center of a septum and the charged amino acid groups of the S4 would travel through the large electric drop upon rotation [69,70]. The X-ray structure of KvAP, however, presents an entirely different third picture [64] . The S4 with its . . .RxxRxxRxxRxxxxxRxxKxx. . . sequence is shown to divide into the S4 proper containing the first four evenly spaced arginines and a C-terminal S4-S5 linker helix through a loop that includes the last arginine. S3 is seen as two short helices S3a and S3b, connected through a loop. S3b and S4 proper run antiparallel forming a helix-loop-helix hairpin called ''voltage-sensor paddle''. Most surprisingly, the four S1s and S2s form the inner ring that encloses the S5-P-S6 K + -filter core, while S3s and S4s are at the outer perimeter. This structural model positions the paddle as a hydrophobic, cationic, helix-turn-helix structure that appears to be in contact with the lipids and must move a large distance during gating. This location is supported by the observation that the tarantula venom toxin, VSTX1 that attacks specifically the voltage sensor gain access through its partition into lipids [71] . However, to keep the flexible voltage-regulatory domain in place for crystallization, an antibody was applied, leading to criticisms that the antibody might have pulled the native arrangement of the helices out of place. A most recent study on KvAP with paramagnetic resonance spectroscopy after site-directed spin labeling indeed places S4 at the channel-lipid interface. In this model, the original S4 becomes two shorter helices, the first of which contains the four evenly spaced arginines and is linked to the second half with the remaining arginines and lysines through a flexible linker. A twist at the linker is proposed, placing all positively charged groups facing the rest of the channel peptides and away from lipid hydrocarbons [72] . Although the X-ray structure of KvAP is appealing, the movement of the S4 segment within the lipid membrane expected from the theoretical calculations [73] is apparently much too slow to account for the rapid activation of the channel.
Although features contributed from other parts of the channel may also be involved in voltage sensing, only the regularly spaced charged residues, mostly arginines, provide a reliable searchable feature in genome databases. Examination of the 270 prokaryotic genomes revealed many ORFs that can be conceptually translated into proteins with six transmembrane helices, the fourth of which has the above feature. As expected, we note that this feature is never encountered in any of the putative 2TM prokaryotic K + -channel subunits. We also did not find such feature in the 4TM type K + -channel subunits. The 6TM Shaker-like channel subunits are widespread and found in most of the major prokaryotic divisions. Thus the parsimonious hypothesis would be that voltage-regulated K + channels with the S4 charges have evolved early, although the caveat of lateral transfer remains.
Similarities of S4 sequences of amino-acid residues, including both the charged and the hydrophobic ones, can be found in related species in many cases. Such similarities can also be recognized even among genera within Alpha-, Beta-or Gamma-proteobacteria, etc. No obvious sequence homology can be detected across higher taxonomic levels except the regularly spaced positive residues. The residues between each pair of positive residues, although not conserved, are nearly always hydrophobic. Thus, the evolutionarily conserved pattern is only the repeat of (+xx) n where x is hydrophobic, presumably because this regular amphipathic feature alone is crucial in voltage sensing. The (+xx) n sequence is often disrupted with one three-residue unit in which the leading residue is not charged but is a small hydrophobic residue. This disruption is found to occur at all positions after the first (+xx) repeat. In a few cases, the (+xx) n series is disrupted with one additional residue before returning to the three-residue repeats. A representative collection of these S4 sequences is shown in Table 3 .
As expected from the vast diversity among prokaryotes, there are many more variations in the S4s than previously encountered among animal species. Different species are found to house one, two, three, four, five, six, seven, or even eight regularly spaced positively charged residues. Those with only one such repeats are not confidently assigned as Shaker like in our survey (The 6TM ''core only'' type in Fig. 2 ). Among bacteria, we found the first four charges tend to be Rs, i.e. in the series of . . .RxxRxxRxxRxxR/Kxx. . .. At present, there are not enough archaeal examples to discern a pattern. Though arginines and lysines are most common, some histidines are found. Jiang et al. [74] gave three reasons on why the S4s of Shaker and KvAP have predominately R and not K. The survey of prokaryotic K + channels shows that, in general, RÕs are indeed more commonly found than Ks, e.g. Lactobacillus johnsonii has a . . .RxxRxxRxxRxxRxxRxxRxx. . . sequence. However, there are numerous exceptions, e.g. Clostridium acetobutylicum has a . . .RxxKxxKxxKxxKxxKxx Kxx. . . series in S4. Many varieties between these extremes can be found. No pattern on K placement can be discerned; K can appear anywhere in the series, including the N-terminal most position (see Table 4 ).
Genomes of soil-and water-borne free-living bacteria have received less attention in comparison to pathogenic and extremophilic organisms. Although such free-living bacteria do not necessarily have Shaker-like K + -channel genes, the majority of the species that have them tend to be free living in sand, in soils, in waters (fresh, brackish, or sea), or on animals and plants, environments that are subjected to variation. Some 6TM-containing species are found in the oral cavity, vagina, the lower intestine, or in plant tissues. While these can be commensals or even opportunistic pathogens, none are intracellular parasites. There is no discernable pattern between the presence of these likely voltage-gated channels and the organismsÕ metabolic habits or growth habitats: Some are photosynthetic, others are heterotrophic; some are aerobes, others are facultative anaerobes; some prefer high temperatures, others low. In addition, related species may or may not have Shaker-like K + -channel genes.
For example, E. coli has no such gene, while the very similar Salmonella typhimurium has one.
The RCK and KTN domains
Unlike the voltage sensor within S4 segment, the domains that responsible for ligand gating are present outside the TM region, and usually trail the last TM (TM2 or S6) at the C-terminus [75] . One of these ligand-binding domains, containing the Rossmann fold [76] , are found predominately among the prokaryotic K + channels we have identified. The first evidence that the Rossmann fold, or NAD-binding motif, is involved in the regulation of cellular K + came from a study on the E. coli TrkA subunit of the Trk K + -uptake system [77]. Shortly after, similar structure motifs were recognized in various K + -transport systems, including KtrA, a distant relative of TrkA [78] , KefB and KefC, the K + -efflux systems of E. coli, Kch K + channel of E. coli, and the Slo K + channels of Drosophila and mouse [78, 79] . Later on, the domains that comprises the Rossmann fold and binds NAD were named KTN or TrkA-N domain in the Pfam protein domain family database (Accession number: PF02254) [80] . A characteristic motif, GXGXXG, in the Rossmann fold serves as an indicator for NAD-binding. The Rossmann-fold is composed of two (b-a-b-a-b) portions linked by a a helix in a (b1-a1-b2-a2-b3)-a3-(b4-a4-b5-a5-b6) arrangement.
The structures of two KTN-domain fragments of KtrA proteins from Me. jannaschii and B. subtilis were resolved individually at atomic resolutions [81] . As revealed from the X-ray structures, KTN domain comprises a Rossmann-fold core with a a6 extension. Two KTN monomers form a dimer as a handshake through the a6 extension. In the crystals, NAD + or NADH actually binds to each monomer. It was proposed that upon binding to different ligands the two monomers move relatively to each other by way of a ''hinge'', at the short loop between b6 and a6. This hinged movement was extrapolated to explain the gating of a K + channel. In the proposed model, two of the KTN dimer form a functional tetramer. A ligand-mediated movement of the domains is coupled to the bottom gate of K + channel through a short linker, and, thereby, regulates the channel activity [81] .
In the case of Kch and Slo K + channels, there is no evidence that their Rossmann-fold domains bind to NAD + or NADH, and the GXGXXG motif found in the KTN domain is absent. Therefore, such a domain is given another name called ''RCK'' for regulating the conductance of K + to distinguish it from KTN [82] . The RCK structures of Kch in E. coli, and of MthK in M. thermautotrophicus have been resolved at atomic resolutions [82, 83] . Both of these X-ray structures reveal a common Rossmann-fold conformation and dimeric arrangement as the KTN domains. The MthK protein was crystallized in its full length with a Ca 2+ bound to each RCK domain, and the channel is shown to be activated by millimolar-range of Ca 2+ [83] . However, the physiological relevance of this finding is questionable, since eukaryotic cytoplasms use micromolar Ca 2+ as signals and the role(s) of Ca 2+ in prokaryotes are not yet clear. If this Ca 2+ binding is a crystallization artifact, then the true or the additional ligand of the MthKÕs Rossmann fold is still to be found. The MthK gene has an internal start codon, which results in separate expression of the RCK domain only. Based on the crystal structure of MthK and other biochemical evidences, it was concluded that a functional MthK K + channel comprises eight RCK domains, and four covalently linked to each TM2 though a 17-residue linker, and four free RCK peptides co-assembled from cytoplasm [83] . In this model, the eight RCKs form a ''gating ring''. Binding of ligands to the RCKs changes the conformation of the gating ring, and in turn pulls open the bottom gate formed by the TM2s through the 17-residue linker [83] .
Besides Kch and MthK, the K + channels carrying RCK or KTN domain are commonly found and widespread among the 270 prokaryotic genomes (Fig. 2) . The topological presence of these domains in prokary- otic K + channels varies. They are found in both 2TM and 6TM channels but not 4TMs. Mostly there is only one such domain attached to the C-terminus of the channel body, like Kch or MthK, but tandem repeats at the C-terminus are also encountered in some 2TM channels. In a few cases, these domains are present at both N-and C-termini of 2TM channels. Interestingly, all of the domains found in the 6TM channels so far are all RCK (the GXGXXG motif is absent), while both RCK and KTN are found in the 2TM channels. The (2TM)-KTN/RCK channels are the majority of prokaryotic K + channels we have identified ( Table 2) . They are widespread among prokaryotes, but are not found in any eukaryotic genomes to date. (Although the RCK domain can be found in animal Slo K + channels, Slo channels are 6TM, not 2TM.) This suggests a common function of these channels in prokaryotes and possible ancient nature of this type of K + channels. It is interesting to point out that among the five completely sequenced Mycobacteria (of Actinobacteria), Mycobacteria leprae TN is the only one that does not carry any K + channel gene. M. leprae TN is considered having gone through reductive evolution since its genome size ($3.3 Mb) is less that the average ($4.4 Mb) and it carries more than 1100 pseudogenes [84] . In fact, a (2TM)-KTN channel gene, which are homologous to those carried by other Mycobacteria, is inactivated and became a pseudogene (NCBI GI: 15826865) in M. leprae. As the environment changed, the genes that are no longer required for living in certain niches are inactivated, and then eliminated by deletions. The fact that a K + channel gene is one of the >1100 pseudogenes in M. leprae suggests that those active K + -channel homologues, carried by other Mycobacteria, do perform a specific function that is no longer needed for M. leprae TN (also see Section 7.1).
The cyclic-nucleotide binding domain
Cyclic-nucleotides, cAMP in specific, acts as signaling molecule in E. coli to control gene expressions through the well-known CAP, catabolite gene activator protein.
In animals, cAMP and cGMP act as secondary messengers to regulate numerous cellular signaling pathways and enzyme activities. These molecules are also known to activate or modulate the activity of some cation channels through a cytoplasmic C-terminal cyclic-nucleotide binding domain, CNBD. In animals, these types of cation channels are classified into two subfamilies, HCN, hyperpolarization-activated, cyclic nucleotide-gated, and CNG, cyclic nucleotide-gated. The CNG channels are mainly activated by cyclic nucleotides, while the HCN channelsÕ activation depends on the membrane potential and the binding of cyclic nucleotides shifts this voltage dependency. The CNG channels do not have the K + -filter sequence (TxxTxGYGD) at the pore region and permeate K + as well as other mono-and di-valent cations. Similarly, the filter sequence of HCN channels also deviates from the consensus (e.g. HxxCxGYGR of mouse HCN2), and discriminates K + poorly from other alkali cations.
The structure of the cytoplasmic C-terminus of the mouse HCN2 channel was solved at 2.0 Å resolution [85] . It revealed a two-domain conformational arrangement, in which the CNBD is connected to the end of S6 through an 80-residue C-linker domain. Note that the linker between RCK to the TM2 of MthK is only $17 amino acids, and was not resolved in the X-ray structure. Similar to those NAD-binding domains that have a conserved core structure (the Rossmann fold), the domains that bind cyclic nucleotides have a jelly-roll b barrel formed by eight b-sheets in common. It was proposed that, in a functional channel, four CNBDs coming from each a-subunit form a tetramer. Binding of cyclic nucleotides changes the confirmation of the CNBD tetramer and this change is coupled to the channel gate through the C-linker domain [85] .
Recently, a prokaryotic K + channel, MloK1, containing a C-terminal CNBD has been identified from Mesorhizobium loti, a symbiotic N 2 -fixing soil bacterium of Alphaproteobacteria. As demonstrated by 86 Rb + -uptake assay, this channel is activated by either cAMP or cGMP, and it discriminates K + and Rb + from Na + and Li + [86] . The structure of the cytosolic C-terminal region of MloK1 has also been solved at 1.7 Å with and without cAMP bound [87] . The CNBD of MloK1 is folded in the way similar to that of mouse HCN2 except for the C-linker domain, which is absent in MloK1. Based on the crystal structures and other evidences, a different gating model was proposed. In this model, the four CNBDs form a dimer-of-dimer arrangement instead of a tetramer [87] .
Unlike the KTN/RCK-containing K + channels that are widespread among the 270 genomes, the CNBDcontaining K + channels are rare and restricted. Only six cases are found to date. Aside from M. loti, the other alphaproteobacteria, M. magnetotacticum, and Rhodopseudomonas palustris are each equipped with one such gene, and Bradyrhizobium japonicum carries two. The only other case is the cyanobacterium, Tr. erythraeum, which carries one such gene. Interestingly, besides the CNBD-containing K + channels, each of these bacteria also carries one or more K + -channel genes of other types, e.g. T. erythraeum also carries IRK, GluR, and voltage-gated K + channels. Moreover, while KTN/ RCK domain shows topological variations among the prokaryotic K + channels, the CNBD is only found in the 6TM channels, and all at the C-terminus. We have not encountered CNBD in tandem repeat, in the Nterminus, nor in a 2TM channel so far. Similar to their eukaryotic HCN homologues, these six CNBD-containing K + channels all have the (+xx) n voltage-sensing sequence in their S4, in which the n is varied from 2 to 6. While the C-linker domain of MloK1 and the other four channels in the same Alpharoteobacteria branch are absent, that of the channel in T. erythraeum is present as the eukaryotic HCN or CNG channels. The canonical K + -filter sequence (TxxTxGYGD) are well preserved among these prokaryotic CNBD-containing K + channels indicating they have higher K + selectivity than their eukaryotic homologues. In a protein phylogram built with these prokaryotic K + channels and animal CNG and HCN channels, the five channels of alphaproteobacteria cluster in one branch, away from the one of T. erythraeum with the CNG and HCN channels. These observations suggest that the CNBDcontaining K + channel of T. erythraeum was either acquired through horizontal gene transfer or is an ancestor of the eukaryotic CNG and HCN channels. The evolution of this type of K + channels may become clear when more cases are identified in the future.
The glutamate receptor homologues
Homologues of animal glutamate receptors have been identified in prokaryote. The gene for the first prokaryotic glutamate receptor, GluR0, was discovered from Synechocystis sp. PCC 6803 [88] , a model cyanobacterium isolated from a fresh water lake. The glutamate receptors (GluR) in animals are different from the classical K + channels in several respects. They are composed of three transmembrane helices with the Ploop located between the TM1 and TM2. They have an inverted membrane topology in which the protein places its N-terminus extracellularly, and the P-loop facing cytoplasm. The P-loop of animal GluRs does not contain the canonical K + filter sequence, and as a result, these channels are only cation selective, not K + specific. The glutamate-binding cores is formed by the extracellular N-terminus (domain 1) and loop between TM2 and TM3 (domain 2), and the ligand-binding site is located in the cleft between these two domains as revealed from the X-ray structure [89] . Structurally, this core conformation is conserved between GluRs and the prokaryotic periplasmic glutamine-binding protein (GluBP) [90] . The glutamate receptors discovered from prokaryotes are different from their eukaryotic homologues both topologically and electrophysiologically. In GluR0, the P-loop between TM1 and TM2 preserves the canonical K + filter sequence and, therefore, GluR0 favors K + over other cations [88] . The TM3 found in animal GluRs is missing in GluR0, but the two domains that form the glutamate-binding core are preserved, and structurally conserved [91] . Therefore, the prokaryotic glutamate receptor has the appearance of a fusion of the ligandbinding core from GluBP and a KcsA type K + channel.
Besides GluR0, there are only four other homologues encountered in our genome survey so far. The organisms that carry this type of K + channel are all multiple K + -channel gene carriers and are all cyanobacteria (C. watsonii, Prochlorococcus marinus str. MIT 9313, Synechococcus sp. WH 8102, Synechocystis sp. PCC 6803, and T. erythraeum). Interestingly, among the three P. marinus strains been completely sequenced (MIT 9313, CCMP1375, and CCMP1986), MIT 9313 is the only one that has the GluR K + channel. These three strains represent different oceanic niches with drastically difference in light and nutrients supplies [92, 93] . The numbers and the types of K + channels they are equipped with and the environments in which they live may hold clues of the functions of the K + channels that they carry.
A natural history of prokaryotic K + channels
The combination of powerful and incisive genetic and electrophysiological techniques allows channel biologists to dissect structure-function relationship of individual channel proteins in exquisite details. Although the knowledge gained from this approach can often be integrated to our understanding of specific cell physiology of animals, fixation on a leaf often obscures our view of the tree, let alone the forest. Here the forestor is it a jungle? -is enormous. Animals, from mammals to sponges, are but a small part of the diversity on earth. What can we learn from the opposite approach, i.e. to discern patterns from the eyes of a bird, or an astronaut? The following is an attempt to gain some insights into the possible roles of K + channels in prokaryotes by comparing the lifestyles of the organisms with the presence, the number, and the kinds of K + channels they have. Given the large variations over the entire range of myriad bacteria, variations among those even within a single lifestyle, say, parasitism, can be enormous. There are parasites of mammals, insects, plants, or other bacteria. There are obligate or occasional parasites, extra-or intracellular parasites, etc. Even with exceptions, however, some general trends can be detected.
7.1. Parasitism, genome downsizing, and the loss of K + channels Mitochondria (genome size 0.006-2.5 Mb) and chloroplasts (0.09-2 Mb), organelles of endosymbiotic bacterial origin, do not encode their own K + channels, nor are K + channels found in Buchnera aphidicola (0.62-0.64 Mb) or Wigglesworthia glossinidia (0.7 Mb) that dwell in the cytoplasm of specialized bacteriocytes of aphids or tsetse flies, respectively [94] [95] [96] [97] . The genomes of these bacteria are so reduced that they seem to only exist to synthesize certain nutrients to supple-ment the hostsÕ poor diet. Bacteria that are obligate intracellular parasites also do not have their own K + channels. These include the members of Chlamydiae and Rickettsiales, e.g. Ch. pneumoniae (chronic infections, 1.2 Mb) [98] [99] [100] [101] , Rickettsia species (rickettsias, 1.1-1.3 Mb) [102] [103] [104] , and the other pathogenic species, e.g. Tropheryma whipplei (WhippleÕs disease, 0.93 Mb) [105, 106] , Coxiella burnetii (Q fever, 2.0 Mb) [107] , M. leprae (leprosy; 3.3 Mb) [84] . Note that these bacteria are evolutionarily diverse, i.e., obligate associations took place many times in different bacterial lineages. Even a parasitic K + -channel free archaeon exists (Nanoarchaeum equitans) [108] , though no archaeal animal pathogens have been reported. It appears that, as the host-guest relationship became more and more intimate and the guest genomes became smaller and smaller, the K + channels of the ancestral free-living forms were jettisoned. Gene reduction and genome down-sizing appear to take place when the environment is protected or stable [109] .
Many extracellular parasitic bacteria also do not encode recognizable K + channels. These include the obligate extracellular pathogens such as Treponema pallidum (syphilis, 1.1 Mb) [110] , as well as the facultative parasites or commensals such as Campylobacter jejuni (diarrhea, 1.6 Mb) [111] , Haemophilus influenzae (respiratory infection, 1.8 Mb) [112] , Staphylococcus species (gastrointestinal and pulmonary infections, 2.6-2.9 Mb) [113] [114] [115] [116] , Neisseria meningitidis (meningitis, 2.2-2.3 Mb) [117, 118] , Clostridium species (gas gangrene, tetanus, 2.9-3.1 Mb), Agrobacterium tumefaciens (crown galls of plants, 5.7 Mb) [119] . Interestingly, the predatory bacterium Bdellovibrio bacteriovorus (3.8 Mb) [120] , which invades and consumes gram-negative preys one at a time, also does not encode its own K + channels. Other extracellular pathogens, however, are found to have retained their own K + -channel genes. These include Tre. denticola (periodontal disease, 2.8 Mb) [121] , H. pylori (stomach ulcer, 1.6-1.7 Mb) [122, 123] , Mycobacterium tuberculosis (TB, 4.4 Mb) [124, 125] , Shigella flexneri (bacillary dysentery, $5 Mb) [126, 127] , Yersinia pestis (the plague, 4.8 Mb) [128] , and Xylella fastidiosa (disease of grape-vine and other plants, 2.7 Mb) [129] . These extracellular pathogens that retain their K + channels can usually be cultured in the laboratory, but whether each of them actually grow naturally in environments outside their hosts would require further detailed analyses beyond our scope here.
Well-known free-living bacteria have K + -channel genes. For example, the most studied gram-negative bacteria E. coli (4.6-5.5 Mb) has one such gene (kch) and Salmonella typhimurium (5.0 Mb) has two STM4272 and STM1741 [130] . We also found that multiple K + -channel genes in the larger genomes of freeliving and metabolically complex and versatile bacteria.
These include St. coelicolor (an antibiotic-producing soil bacterium with five such genes, 9.1 Mb) [131] , Bradyrhizobium japonicum (a N 2 fixing bacterium with three, 9.1 Mb) [132] , Methanosarcina acetivorans (a versatile methanogenic archaeon with five, 5.8 Mb) [133] , Pseudomonas aeruginosa (a ubiquitous environmental bacterium with two, 6.3 Mb) [134] , Enterococcus faecalis (in gut, soil, etc. with two, 3.4 Mb) [135] , and A. aeolicus (chemolithoautotroph and hyperthermophile with two, 1.6 Mb) [47] . The photosynthetic cyanobacteria all have multiple K + -channel genes except strain CCMP1986 of Prochlorococcus marinus which has only one [93] . The case of Rhodopseudomonas palustris is especially clear. This proteobacterium has a 5.5-Mb genome that contains three K + -channel genes. The versatility of this bacterium is truly astounding. It is capable of chemohetero-, chemoauto-, photohetero-, and photoautotrophic metabolism, i.e. able to consume or generate complex carbohydrate and able to derive energy from chemical reactions or from sunlight [136] .
The above trend is especially clear when certain species are compared. In the same genus, the species that are more like ''free-livers'' have K + channels, while the species that are more like parasites do not. For example, a K + -channel gene is found in Mycobacterium tuberculosis (TB, 4.4 Mb) [124, 125] , which can be cultured in the laboratory with ordinary media, while a similar channel gene is inactivated in M. leprae (leprosy, 3.3 Mb) [84] , which can only grown extremely slowly in armadillos, besides human patients (also see Section 6.3). Similarly, Clo. acetobutylicum [137] , a free-living bacterium that produces solvents (4.1 Mb) has one K + -channel gene, but C. perfringens (gangrene, 3.1Mb) [138] or C. tetani (tetanus, 2.9Mb) [139] have none.
Not all free-living species have K + -channel genes, however. Thermoanaerobacter tengcongensis (2.7 Mb) [140] and Thermus thermophilus (2.1 Mb) [141] , two unrelated hyperthermophiles do not have recognizable K + -channel genes. Nor do Nitrosomonas europaea, a chemolithoautotroph that oxidizes ammonia (2.8 Mb) [142] and F. nucleatum, a dominant oral bacterium (2.2 Mb) [143] . Without knowing more about their comparative ecology, it is not clear whether these organisms are adapted to restricted environments that change little. There are other hyperthermophiles or oral bacteria that do have K + -channel genes, although we do not know whether these other organisms also thrive freely in other environments. Furthermore, organisms that overlap in their niches do not necessarily have the same metabolism.
In short, although it is difficult to draw solid conclusions from an overview of the most vastly diverse organisms on earth, there does seem to be the trend that K + -channel genes are found in free-living species and that multiple K + -channel genes are found in the genomes of those that are metabolically complex and versatile. One possible suggestion from this trend therefore is that K + channels may function in a large variety of prokaryotes to assist metabolic changes upon environmental changes.
It is currently fashionable to define the ''minimal genome'', i.e. to enumerate the smallest gene set that support growth. Our survey suggests that K + -channel gene is unlikely to be a member of this minimal set. Note, however, that ''growth'' here means multiplication in a rich medium at ''reasonable'' laboratory temperature, pH, with oxygen, etc. Such a putative ''minimal organism'' will presumably not compete well in nature. Adaptations to NatureÕs vagaries will likely require many other genes, probably including the ones that encode K + channels.
7.2. The distribution of K + -uptake pumps vs. K + channels K + is the major cation in the cytoplasms of all cells, bacterial, archaeal, or eukaryotic. Given the vast variations of life forms, this universality is very striking. That no Na + -rich cytoplasm is known is certainly not because Na + is rare. Even fresh water is rich in Na + . Presumably K + must have been chosen early because of its compatibility with the ''Ur Replicator'', probably ribozymes. Today, K + is considered a ''compatible solute'' found to interfere little with the structures of macromolecules in the cytoplasms, even at high concentrations compared to Na + because of its surface charge density. K + is a major osmolite that provides the turgor for growth of all cells, animal cells included. In free-living cells, such as E. coli, which cannot rely on a host or a kidney to buffer its environmental water content, adjusting its internal K + is a major strategy in long-term survival in face of osmotic changes as review above. E. coli takes up K + upon osmotic upshifts by immediately increasing the activity of its constitutive low-affinity, high-capacity Trk system to pump K + . Upshifts also induce the transcription and production of its high-affinity, low-capacity Kdp system that is capable of scavenger K + from K + -depleted environment. E. coli is also equipped with a third K + pump, Kup. Kdp, Kup, Trk and its closely related Ktr K + pumps are recognizable by their sequences. In the one direction of lifestyle progression above, we distinguish free-living habit, commensalism, facultative or obligate extracellular parasitism, intracellular parasitism or symbiosis, and organelle status. We found that most intracellular parasites with greatly reduced genomes that do not have K + channels also do not have K + -uptake mechanisms. Examples are Buchnera aphidicola, Tropheryma whipplei, Chlamydia species, Rickettsia species, Coxiella burnetii, and M. leprae described above. It is interesting to note that the hypertheromophilic archaeon Su. solfataricus, which is also an extreme acidophile that grows at pH 2-4, has a K + -channel homologue with a peculiar filter sequence also do not have a recognizable K + -uptake system. This organism apparently maintains an internal positive membrane potential presumably by passive distribution of K + to prevent the acidification of the cytoplasm.
There The trend that many species retain their K + -uptake mechanisms but forgo their K + channels suggests that accumulating a high internal K + concentration is important to the identity of the organism and that K + channels are not important in this accumulation. Perhaps giving up the K + gradient across its membrane is a sign of final commitment of the parasite (organelle) to be a part of the host. For the purpose here, the trend seems to indicate the different physiological roles of the uptake system and the channels. Given the vast diversity of prokaryotes, it is highly unlikely that the various K + channels serve only one function in all prokaryotes. Much work lies ahead, since we do not even know for sure the function of one such channel in one bacterium to date! In the case of Kch, the RCK-containing 6TM K + channel of E. coli, limited evidence suggests that it is not for the bulk uptake of K + , but for the adjustment of the membrane potential during certain changes in the environment yet to be defined. Extensive searches for K + auxotrophs, at progressively lower and lower external K + supply, uncovered the multiple K + uptake machineries Trk, Kdp, and Kup [144] [145] [146] . If Kch is for the uptake of K + , it seems unlikely that it would not have turned up in these exhaustive searches. Instead, as reviewed above, Kch was first discovered by its sequence similarity to the Shaker channel [41] , and when mutations were engineered into kch, including deletion, there is no discernable K + auxotrophic phenotype [17] .
Certain mutations, judged to be ''gain-of-function'' mutations, led to K + -specific sensitivity instead, likely due to uncontrolled opening of the Kch channel [14] . The K + -sensitivity phenotype of these special ''loosecannon'' mutants implies that K + passively filtered into the bacterium, an artificial form of uptake under high [K + ] out , is in fact toxic. A simple calculation based on the cell geometry and the specific capacitance of biological membrane will show that K + flux alters the membrane potential significantly long before it has any significant effect on the bulk [K + ] in (Section 3). We found that, in liquid media, increasing external K + by about ten times from $0.5 to $5.5 mM (approximately from 10 À4 to 10 À3 M) had no effect on the wild type but stopped the growth of the GOF mutant. A concomitant increase of the external H + by about ten times from $pH 7.3 to $5.8 (approx. 10 À7 to 10 À6 M) restored the mutantÕs growth to near normal [14] .
It seems likely that the GOF-mutant channels open uncontrollably to increase the K + permeability, and thus clamp the membrane potential (DW) towards the equilibrium potential of K + (E K , E K = 58log[K + ] out / [K + ] in ). Raising [K + ] out from 0.5 to 5.5 mM lowering E K from $ À 150 mV to $ À 90 mV so as the DW of the mutants. The shallow DW could reduce the proton motive force (Dp) below the level that needed for a growing cell to drive cellular processes (e.g. ATP synthesis); therefore, stopped cell growth. Supporting this scenario is that a unit lowering in pH out is able to counteract the degree of DW depolarization, and to keep Dp unchanged. This finding indicates that the K + sensitivity of the GOF mutants is due to losing membrane potential and thus the proton motive force. It seems likely that the wild-type Kch functions to regulate proton motive force by changing the membrane potential upon certain environmental or metabolic changes.
We are a long way from being certain that membrane-potential adjustment is indeed the major function of K + channels in prokaryotes. In the event that this can be proven for both bacteria and archaea, however, this may become the answer of the fascinating question of why and how cation channels appear, which eventually evolved into the entities so important to our brain and psyche.
Concluding remarks
The field of prokaryotic ion channels has developed largely independent of the rest of microbiology. The intellectual origin of ion channels from the concerns of the nervous system has led to techniques and concepts foreign to most microbiologists. At present the great contributions of prokaryote channel crystallography to our understanding of molecular structures and mechanisms are in great contrast with the poverty of knowledge on what these channels do for the prokaryotes themselves. Much can be learned from these organisms given the wide distribution and deep evolutionary roots of K + channels reviewed here. Readers are also reminded that there are other types of ion channels among prokaryotes reviewed elsewhere [3, 5, 39] . Familiarity with electrophysiological concepts and literature will be needed if progress is to be made. We look forward to the near future in which the power of microbial genetics and relative simplicity of bacterial cells allow us deeper insights on the past evolution, present roles, and future utilities of microbial channels. 
